Abstract Metal species, produced by meteoric ablation, act as useful tracers of upper atmosphere dynamics and chemistry. Of these meteoric metals, K is an enigma: at extratropical latitudes, limited available lidar data show that the K layer displays a semiannual seasonal variability, rather than the annual pattern seen in other metals such as Na and Fe. Here we present the first near-global K retrieval, where K atom number density profiles are derived from dayglow measurements made by the Optical Spectrograph and Infrared Imager System spectrometer on board the Odin satellite. This robust retrieval produces density profiles with typical layer peak errors of ±15% and a 2 km vertical grid resolution. We demonstrate that these retrieved profiles compare well with available lidar data and show for the first time that the unusual semiannual behavior is near-global in extent. This new data set has wider applications for improving understanding of the K chemistry and of related upper atmosphere processes.
Introduction
Changes in the mesosphere may be an important signal of climate change, and there is increasing evidence that accurate simulations of changes to the Earth's climate require models with a well-resolved and accurate stratosphere and mesosphere [e.g., see Akmaev, 2011; Hurrell et al., 2013] . Coupling exists between all regions of the atmosphere in terms of mass, momentum, and energy exchange, and an understanding of the processes which occur in the middle atmosphere will give a greater understanding of our atmosphere as a whole [e.g., see Roble and Dickinson, 1989; Akmaev et al., 2006; Laštovička, 2006; Chandran et al., 2013] .
A current gap in knowledge concerns the huge uncertainty in the amount of interplanetary dust entering the Earth's atmosphere from space, with estimates varying from 5 to 300 t d À1 [Plane, 2012] . The main sources of cosmic dust in the solar system are from collisions between asteroids and from sublimating comets on their approach to the Sun. These dust particles enter the Earth's atmosphere at velocities between 11 and 71 km s
À1
, causing ablation which injects metal atoms and ions into the mesosphere/lower thermosphere region (MLT) (75-110 km). The resulting layers of metal atoms provide a unique way of observing this region and of testing chemistry-climate models [Plane, 2003] .
Current Observations
Much progress has been made in the last two decades in understanding the mesospheric metal layers through a combination of (mostly) lidar observations, laboratory studies of relevant physicochemical parameters, and atmospheric modeling [see, e.g., Plane, 2003; Feng et al., 2013; Marsh et al., 2013] .
2007; Fussen et al., 2010; Hedin and Gumbel, 2011] and magnesium [Gardner et al., 1995; Scharringhausen et al., 2008a Scharringhausen et al., , 2008b Langowski et al., 2014a Langowski et al., , 2014b .
While the Na, Fe, and Mg atom (and singly ionized Mg + ) number densities all show an annual seasonal dependence (wintertime maximum and summertime minimum), the limited K lidar observations show that the atomic K layer exhibits semiannual variability with maxima in both winter and summer, and equinoctial minima. Understanding this different and unusual seasonal behavior of K currently remains an unsolved problem.
With only two operational lidar stations, the global distribution of K can only be obtained using satelliteborne observations. This paper provides an overview of a new K retrieval method based on an existing Na scheme . The capabilities of the K retrieval are discussed and demonstrated via comparison with available lidar data. Finally, the first near-global observations of the K layer are presented.
Description of the Potassium Retrieval Algorithm
Launched in February 2001, the Sun-synchronous and polar-orbiting Odin satellite is a dual-purpose aeronomy and astronomy mission designed and managed by a Swedish/Canadian/Finnish/French consortium. Onboard are two instruments; the Optical Spectrograph and Infrared Imager System (OSIRIS) and the Submillimeter Radiometer (SMR) [Murtagh et al., 2002; Llewellyn et al., 2004] .
The OSIRIS instrument measures limb-scattered sunlight across the wavelength range 280-810 nm with a pixel resolution of 0.4 nm and a spectral resolution of 1 nm. The instrument field of view is approximately 1 km vertically and 40 km horizontally, when mapped onto the atmospheric limb at the tangent point. The satellite scans in the limb from 5 to 110 km with a typical height resolution of 1.5-2 km within the mesosphere. OSIRIS has two local sampling times of 0600 and 1800 LT and covers the latitude range of 82°N to 82°S. As it records a useable signal during daylight conditions only, there is limited coverage in the winter hemisphere at middle to high latitudes.
The retrieval scheme developed by Gumbel et al. [2007] is an optimal estimation method [after Rodgers, 2000] which uses a forward model to convert observed limb radiances from OSIRIS into vertically resolved metal number densities. The observed spectra are modeled by integrating the radiation scattered toward the instrument along the line of sight in a spherical atmosphere, with background temperature and density profiles taken from the Mass Spectrometer Incoherent Scatter atmospheric model [Hedin, 1991] and European Centre for Medium-Range Weather Forecasts reanalyses [Dee et al., 2011] .
The basic concept for the retrieval is
where y = measured vertical radiance profile, F = forward model, x = retrieved vertical K density, b = important but nonretrieved relevant parameters (e.g., albedo and reference solar irradiance spectrum), and ε = measurement error.
This retrieval problem is close enough to linear to allow it to be inverted using Gauss-Newton iteration, thus becoming
where K i = weighting function matrix (K i = δF(x i )/δx) and G i = contribution function matrix
for iteration, i. The covariance of the measurements is S e . The retrieval problem does not have a unique solution (it is formally ill posed) and an a priori number density profile, and its associated covariance is required to regularize the solution; x a represents a priori knowledge based on a single annual mean midlatitude K lidar profile (from Kühlungsborn) and is shown in Figure 2d , along with the associated covariance (S a ). The covariance was chosen to reflect the large amount of natural variability seen within both the Arecibo and Kühlungsborn lidar observations. The a priori profile serves as a starting point for the retrieval and provides regularization so that a unique solution may be found. The forward model is slightly nonlinear due to line absorption, and thus, an iterative approach must be employed. With successive iterations, x i converges to final value x. A convergence limit (2 atoms cm
À3
) is set, and the retrieval stops iterating when either successive retrieved profiles differ less than this convergence limit or the maximum number of iterations
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(maximum of 10 permitted) has been reached. This iteration limit is imposed to ensure computational running efficiency of the retrieval. The majority of profiles converge within less than five iterations, and a profile is rejected if there is no convergence within 10 iterations.
The forward model describes how the observed radiance in the instrument line of sight relates to the metal atom density. A detailed description of the forward model can be found in Gumbel et al. [2007] . It includes ray tracing, extinction of incoming solar irradiance by metal atoms, resonant scattering out of the instrument line of sight, and transmission through the metal layer along with self-absorption by the metal atoms. The explicit radiative transfer simulation is restricted to single scattering, while multiple scattering is taken into account as a planetary albedo contribution from the ground and lower atmosphere. The albedo contribution is the ratio of the observed background radiances (either side of the K peak) to the equivalent simulated Rayleigh scattering at 40 km. At this altitude, multiple scattering from higher altitudes is assumed to be negligible. This albedo contribution is then combined with the direct solar irradiance at the OSIRIS line of sight. The spectroscopic properties of the K atom are considered (i.e., scattering cross section and transition probabilities) [Kramida et al., 2013] along with wavelength-dependent features such as the incident solar irradiance and shape of the spectral background. Currently, only the most abundant naturally occurring isotope 39 K (at 93.2%) and first-order hyperfine splitting is considered. The Ring effect, which increases the photon flux in the Fraunhofer minima [Chance and Spurr, 1997] and can contribute to additional illumination of the K layer, is generally less than 5% with a limited effect on the retrieved densities (see Langowski et al. [2014a] for further details). Thus, the Ring effect has been neglected in the current retrieval algorithm. [Lide, 2006] ), the atmospheric abundance of K in the MLT is roughly a factor 50 smaller than that of Na. The K D 1 line is also in the near-IR where solar irradiance is smaller, and is within the vicinity of the shoulder of the A-band (Figure 1 ). For these reasons the resonance line has a much poorer signal-to-background ratio than that of Na at 589 nm. A final consideration is that it is likely that the quantum efficiency of the OSIRIS spectrometer CCD (charge-coupled device) detector has degraded more at these longer wavelengths [Llewellyn et al., 2004] .
The radiance detected in the satellite instrument's line of sight consists of discrete emission/absorption features superimposed over broader Rayleigh and Mie scattering features. In order to quantify the K density from a radiance scan, it is important to discriminate between metal fluorescence and background radiation. Figure 1 illustrates how vertical radiance profiles are derived from limb radiance spectra. The inset is a close-up of the potassium resonance line at~770 nm. This has been normalized with the corresponding 40 km limb spectrum (from the same scan) with the peak center wavelength pixel set to unity. This effectively removes the Fraunhofer lines and any structure present in both peak layer altitude spectra and those at lower stratospheric altitudes. A second-order polynomial (red) is fitted to the peak region (769.96-770.58 nm). A firstorder polynomial (green) is fitted to the background regions either side. The area bounded between the signal curve and background baseline is then integrated to produce the total K emission (units: ph cm À2 s À1 sr À1 ).
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An example vertical radiance profile derived from the above approach is shown in Figure 2 along with the resulting retrieved density profile and associated errors. The total error comprises the retrieval noise, model parameter error, forward model error, and smoothing error as shown in equation (3):
The measurement noiseĜε À Á (whereĜ is the final contribution function) consists of the random errors in the processing of the OSIRIS CCD array into radiances, along with the errors introduced during the fitting routine when deriving the vertical radiance profiles. The forward model parameter errorĜK b b Àb includes errors predominantly resulting from uncertainty in determining the albedo ratio and solar irradiance reference spectrum. These errors are generally less than 15% at all altitudes. The forward model error
arises from incomplete knowledge of the physics relating the observed radiance to the metal number density. This error term is difficult to characterize. However, it is likely to be systematic in nature and comparisons with lidar observations (see below) indicate that it is small. The smoothing error
describes the uncertainty in the observed vertical structure as a result of the limited vertical resolution of the retrieval. The retrieved profiles are smoothed by the averaging kernelÂ À Á which results in a smoothing error. The relative contributions of the different error sources to the example retrieved density profile are shown in Figure 2c . The relative error contribution is lowest within the peak metal concentration region (around 15%), with the major contribution being the forward model parameter error. Above and below the peak region, the error increases largely as a result of an increasing smoothing error contribution, reaching a maximum of 50% of the total retrieved profile at 80 km and 70% at 101 km.
The vertical resolution of the retrieved profile can be determined from the full width at half maximum of the elements of the averaging kernel matrix (see Figure 2e ). Within the peak region (83-101 km), the vertical resolution is approximately 2 km. The vertical resolution decreases to 4 km above and below this sensitive region.
Ground-Truthing the Retrieved Profiles
A comparison of the mean K density profiles retrieved from OSIRIS for July 2004 and 2005 are compared against Arecibo (18°N) and Kühlungsborn (54°N) observations in Figures 3a and 3b , respectively. These years were chosen due to large temporal overlaps between the OSIRIS data and lidar operational periods. Each OSIRIS profile represents a zonal mean (±5°about the latitude of the lidar station). Monthly profiles are used because both data sets are intermittent (the OSIRIS instrument does not operate continuously due to split commitments for Odin operating in aeronomy versus astronomy mode). The error of the mean (2σ) is used as the error range for the satellite data; these measurements are largely spatiotemporally independent. However, due to the nature of lidar measurements, the measurements tend to be temporally grouped (i.e., many continuous measurements may be made over a short period of time, but intermittently thereafter) and the error of the mean does not represent an appropriate error range. Instead, the standard deviation of the mean (1σ) is used for the lidar data to provide an estimate of the strong temporal variability within the layer. There is satisfactory agreement between the OSIRIS and lidar profiles in terms of the peak layer height, full width at half maximum, and absolute densities (within the given error ranges). Differences likely arise as a result of the high variability of the K layer and the spatiotemporal differences between the data observations. In addition to comparing a zonal mean (OSIRIS) with a point measurement (lidar), while OSIRIS makes daylight measurements only, the lidar data sets represent nightly observations (Arecibo) or a diurnal average (Kühlungsborn). The high-altitude secondary peak in the OSIRIS (54 ± 5°N) monthly profile could be a result of the instrument detecting strong topside variability or sporadic K layers not viewed by the lidar instrument. Friedman [2004, 2005] demonstrate that the summer K layer extends well into the thermosphere (>130 km) and exhibits strong variations, varying by an order of magnitude within timescales of a few hours or more. Seven out of 11 OSIRIS profiles for July 2005 were observed on 1 July, and it is likely that the OSIRIS instrument is observing variability not seen during the lidar observations due to this strong temporal K layer dependence.
The column density represents a more robust measure for comparison. The OSIRIS column densities are compared to the corresponding Arecibo lidar data in Figure 3c for 2004. Only data between 75 and 97 km are used in order to minimize the impact of highly variable sporadic layers, which occur predominantly above this altitude (similar to an approach acknowledged or used in other lidar studies, e.g., Eska et al. [1998 Eska et al. [ , 1999 , Friedman et al. [2002] , and Fricke-Begemann et al. [2002] ). The monthly OSIRIS mean column density profiles for March-November 2004 are composed of 21, 6, 15, 23, 13, 5, 16, 13, and 4 individual profiles, respectively. The Arecibo monthly mean column density profiles for March and May-August consist of two, and two, three, six, and seven nightly profiles. There is good agreement during the period March-June 2004, with both the OSIRIS and lidar data capturing the pronounced summer maximum. Any differences between the data are likely due to there being limited periods within each month where both OSIRIS and the lidar are operating concurrently. In these months, there were only a very limited numbers of measurements made at Arecibo; it is possible that some individual events (such as enhanced K densities during sporadic layer activity, particularly those occurring above 97 km) seen in the satellite instrument may not have been seen by the lidar during the same period. Figure 3d shows the equivalent monthly column density comparison between OSIRIS and Kühlungsborn data for 2005. The zonal monthly OSIRIS mean column density profiles for March-November 2005 consist of 20, 13, 3, 37, 11, 20, 4, 10 , and 3 profiles, respectively. The Kühlungsborn mean monthly column densities are composed of 7, 5, 9, 14, 3, 16, 7, 7, 9, 16, 3 , and 3 individual nightly mean profiles. There is largely very good agreement between the months of April and November with a summertime maximum and equinoctial minima being observed in both. A midsummer local minimum exists in both data sets, but the OSIRIS minimum occurs one month later than in the lidar data. Figure 4a illustrates the first near-global observations of the K layer. This demonstrates that the semiannual variability seen previously at extratropical locations is, in fact, global in extent, except at very high latitudes. The summertime depletion of the layer at high latitudes (>70°) is likely as a result of removal of metal atoms by polar mesospheric clouds, supporting the work of Raizada et al. [2007] . Figure 4b is the analogous plot for the Na layer column abundance, also retrieved from OSIRIS observations . Note the deep summertime minimum seen in the Na layer at high latitudes, where the summer:winter ratio approaches 1:10 and the absence of seasonal variation at low latitudes. In contrast, the semiannual seasonal behavior of the K layer shows little latitudinal variation.
The Near-Global Retrieved K Layer
Conclusions
We have described the first measurement of the near-global K layer from space-borne observations of resonance fluorescence in the dayglow. The retrieval technique is capable of determining profiles with a total uncertainty of ±15% at the peak of the layer, and an altitude resolution of 2 km. While the forward model takes into account the spectral background shape, local albedo, and self-absorption, it neglects the Ring effect, which was found to have a negligible effect on the final retrieved density profile. Within the peak region, the largest source of error is the model parameter error, specifically errors associated with determining the albedo contribution to the instrument line of sight, and also to the calculation of the solar irradiance reference flux.
Monthly absolute number density profiles and column densities are satisfactorily ground-truthed with available lidar data from the Arecibo and Kühlungsborn stations (for 2004 and 2005, respectively) . The unusual semiannual behavior of the K layer is shown to occur at all latitudes with satellite coverage.
In a future publication we will exploit this new near-global data set, in particular using it to inform atmospheric modeling studies of K metal chemistry and related processes.
